We investigate the performance of separate absorption multiplication InGaAs/InP avalanche photodiodes as single photon detectors for 1.3 µm and 1.55 µm wavelengths. We study first afterpulses, and choose experimental conditions to limit this effect. The InGaAs/InP detector is then compared with a Germaniun avalanche photodiode, and shows lower dark count rate. The effect of operating temperature is studied for both wavelengths. At 173 K and with a dark count probability per gate of 10 -4 , detection efficiencies of 16 % for 1.3 µm and 7 % for 1.55 µm are obtained. Finally, a timing resolution of less than 200 picoseconds is demonstrated.
Introduction
In the past few years, the range of applications of photon counting has widened impressively. This technique has for example been used successfully in optical fibers characterization by optical time domain reflectometry 1, 2 , quantum cryptography systems 3,4 , or semiconductor materials study. This development motivates the intensive research currently ongoing in the field of single photon detection in the near-IR. Germanium avalanche photodiodes (Ge APD) have been extensively studied 5, 6 and work well as detectors for 1.3 µm-photons. In order to have a reasonable dark count rate, these detectors must be cooled, usually with liquid nitrogen. However at 77 K, their cut-off wavelength falls at 1.45 µm 7 . At this temperature they are then unsuitable for use as counters for 1.55 µm-photons, which corresponds to the third telecom window. An absorbing material with smaller bandgap is required to detect single photons at this wavelength, making separate absorption multiplication InGaAs/InP avalanche photodiodes (InGaAs/InP APD) a good candidate. Although photon counting with an InGaAs/InP APD was reported more than ten years ago 1 , until recently Ge APD's were still the most commonly used single photon detectors in the near-IR. However, with the development of commercial and reasonably cheap InGaAs/InP APD's, new investigations of the performance of these photodiodes as photon counters were carried out 7 . Apart from the perspective of extending the working range of single photon detectors to 1.55 µm, report in early experiments 1 of low dark count rates even at temperatures above 77 K motivates much of the interest for InGaAs/InP APD's. Operating these photodiodes at a higher temperature would indeed imply fewer afterpulses and possibly simpler cooling. We report here the thorough characterization of an InGaAs/InP APD manufactured by Fujitsu, as near-IR single photon detector. After a brief description of the experimental set-up, the performance, in terms of quantum detection efficiency and dark count rate, of seven InGaAs/InP APD of the same type are compared to select a good sample for further characterization (section 3). In section 4, dark counts and their causes are discussed and the probability of afterpulses studied as a function of temperature. In order to assess clearly the respective advantages of both types of photodiodes, the selected InGaAs/InP APD and a Ge APD are then compared in section 5 at two different temperatures. In the next section, the performance of the InGaAs/InP device as 1.3 µm-photon counter are presented and discussed for various values of the temperature. The results of similar measurements at 1.55 µm are given in section 7. Finally, the timing performance of this detector is studied in section 8.
Experimental set-up
APD's biased above the breakdown voltage can be used in a so-called Geiger mode to detect single photons. An impinging photon triggers an avalanche and generates thus a macroscopic current pulse, which is recorded with suitable electronic circuits. After it is detected, the avalanche must be quenched. This can be done with three different techniques. First, one can use passive quenching, where a large (typically 50 kΩ) resistor is connected in series with the APD and drops the bias voltage after the beginning of an avalanche (see Owens et al.
5 for a description). Next, it is also possible to use an active quenching circuit, which lowers the bias voltage and keeps it below the breakdown for a certain time interval as soon as an avalanche is sensed. Finally, when the arrival time of the photon on the junction is known, it is possible to use a so-called gated mode. The bias voltage is raised above the breakdown level only for a short period of time (2.6 ns in our experiment) when a photon is expected. This technique is more complex to use, as it requires precise timing. However, in comparison with passive and active quenching, it allows very low noise detection. Unless specified, all the results presented here were obtained with the APD's operated in the gated mode. The schematic set-up is shown in Fig.1 . The delay generator acts as the timebase of the system and is beating at a typical frequency of 10 kHz. On the one side, it triggers a pigtailed semiconductor laser (1.3 µm or 1.55 µm), which generates a short light pulse (approximately 150 ps FWHM). This pulse is attenuated to the one-photon level by a calibrated variable attenuator (maximum attenuation > 100 dB). It is then sent for detection to a pigtailed APD. On the other side, the same delay generator triggers the voltage generator, which produces a gate pulse 7 V high and 2.6 ns long, in coincidence with the arrival of the photon on the sensitive area of the APD. This bias pulse is superimposed on an continuous tension offset, which is adjusted to set the level of the gating voltage. The avalanche signal is finally detected and registered by a counter. In order to control the operation temperature, the APD is placed in a closed tube, which is immerged into liquid nitrogen. The temperature is then continuously measured with an accuracy of ±2 K, and adjusted through electrical heating in the range from 77 K to 273 K. The InGaAs/InP APD's used in the experiment are FPD5W1KS manufactured by Fujitsu.
Comparison of different Fujitsu InGaAs/InP APD's
Measurements were first carried out on seven InGaAs/InP APD's to study the variations between photodiodes and select a sample for further study. Fig. 2 shows the probability of recording a dark count per gate pulse at a temperature of 77 K as a function of the quantum detection efficiency for the different APD's. Each point corresponds to a given value of the gate voltage. In the calculation of the quantum efficiency, the fact that the number of photon per pulse follows Poisson statistics was taken into account to normalize this quantity. Both the noise and the detection efficiency increase with this tension. In order to actually quench the avalanches, the continuous tension offset should never be above the breakdown. The height of the gating step limits thus the maximum operating voltage, and then also the highest quantum efficiency. Moreover, when the base of the gating step approaches the breakdown, the dark count rate suddenly increases and saturates the detector, giving a dark count probability of 1. In practical applications, the maximum efficiency is likely to be set by noise considerations. From Fig. 2 , it is clear that these APD's don't have exactly the same performance and two groups with different dark count rates at equal detection efficiency can be distinguished. As APD's 1 to 4 and 5 to 7 come from two different batches, the discrepancy may come from the manufacturing process. It is important to note that the quantum detection efficiency of all APD's increase likewise with the excess bias and reach a similar maximum value (approximately 60 %) when the gate voltage approaches its limit. The difference between the photodiodes lies in the dark count probability, which is significantly higher for those of the second group (APD 5 to 7). This indicates that, although all APD's would work perfectly well in linear mode, only APD 1 to 4 can be operated in Geiger mode with satisfying noise level. Although the measured breakdown voltage of the photodiodes with lower noise tends to be higher than for the other ones, it is not a sufficient criterion for selection of good APD's. Characterization of a photodiode with the set-up is therefore essential to assess its suitability for photon counting. It is also interesting to note that the experimental data follow quite well an exponential law (a straight line on this logarithmic plot). The values of the detection efficiency obtained include a coupling factor depending on the quality of the alignment of the pigtail fiber with the active zone of the APD. One should be aware that small variations of this alignment caused by handling or thermal strain during cooling and heating influence the overall detection efficiency of a photodiode. Although not being the best one, APD 1 was selected for the other measurements presented in this article. The results are thus typical of photodiodes of the first group and easily reproducible with any of these.
Origins of dark counts
In avalanche detectors, dark counts arise from the injection into the junction of charge carriers by three different phenomena: thermal excitation, tunneling across the depletion zone, and emission by trapping centers. This last effect gives rise to afterpulses, where the reemission of a charge trapped during an avalanche takes place during a subsequent gate pulse and produces a count. It induces an overestimation of the count rates. The two main parameter influencing the afterpulse fraction are the temperature, through the lifetime of trapped charges, and the time interval between two gate pulses. One can evaluate the importance of this effect by measuring the probability of recording a count during a gate pulse coming a certain time after a first avalanche, as a function of this delay. In practice, the voltage generator is triggered a first time, in coincidence with a strong laser pulse (n = 1000). An avalanche is therefore generated with unit probability, filling up trapping centers. The voltage generator is then triggered a second time and a possible avalanche recorded. By subtracting the dark count rate, obtained in the same conditions but without the laser pulses, one gets a good estimation of the afterpulse probability. In Fig. 3 , the time delays after an avalanche where the afterpulse probability reaches 0.1 % and 1 % are plotted against the temperature. As the breakdown voltage varies with the temperature, the excess bias was kept constant (∆V = 2.45 [V]) during the measurement. When the temperature increases, this delay is lowered, because the lifetime of trapped charges decreases. Around 150 K, it is already below 1 µs, allowing trigger frequencies faster than 1 MHz for 0.1 % afterpulse probability. The initial afterpulse probability, which corresponds to the situation of minimal delay between both gate pulses, depends on the gate voltage. This is no surprise, as the excess bias controls the charge flowing through the device, which influences in turn trap population. Moreover, this initial afterpulse probability decreases with increasing temperature. This suggest that temperature doesn't only have an effect on the lifetime of traps, but also on their population by an avalanche. Afterpulses can effectively be controlled by adequate temperature setting. Besides, an electronic dead-time disabling the voltage generator for a certain time interval after each avalanche constitutes another way of reducing this effect. The trapped carriers would be released before the next gate-on pulse, and wouldn't influence the count rates. This technique would allow high frequency triggering of the detector. The admissible afterpulse fraction depends on the application. In the measurements presented in this paper, this effect was kept low through the choice of a low triggering frequency (10 kHz). The time interval between two successive activations of the APD was thus long enough to ensure sufficient discharge of the trapping centers. Besides the short duration of the gating pulses (2.6 ns) restricted the charge flowing through the junction, limiting thus the number of traps filled during an avalanche. In the worst case (77 K), the afterpulse probability after an avalanche was then of the order of 0.5 %. Under these circumstances, the recorded dark counts come mainly from carriers generated thermally and by tunneling. Nevertheless, these two phenomena cannot be distinguished. Their relative importance depends on the temperature.
Comparison of Germanium and InGaAs APD's
Now it is interesting to compare the performance of the InGaAs/InP APD with those of a NEC NDL5131P1 Ge APD. The results at 77 K are shown in Fig. 4 . The dark count probability is plotted against the quantum detection efficiency of the APD's for 1.3 µm-photons. In gated mode, InGaAs/InP APD's show lower noise levels than Ge APD's at equal quantum efficiency. Moreover this difference increases with the quantum efficiency reaching one order of magnitude at η = 35 %. As the curves are not parallel and may intersect at low quantum efficiency, one could deduce that Ge APD's produce then fewer dark counts than InGaAs/InP APD's. Unfortunately it is difficult to confirm this assumption experimentally with gated mode operation. Indeed in such conditions, the laser pulse cannot be located easily. Moreover as the number of counts decreases, dark counts must be recorded during very long time intervals (hours) in order to obtain a reasonably small uncertainty. To compare both techniques, the APD's were also operated in passive quenching with a 47 kΩ resistor. In this mode, the APD output pulses and a coincidence signal (5 ns wide) produced by the delay generator were fed into an AND-gate, in order to retain only avalanches coincident with the laser pulses. Passive quenching operation doesn't make possible noise levels as low as those obtained in gated mode. Moreover, InGaAs/InP APD's don't work properly with this technique. As the intrinsic deadtime of this quenching method is very short, this problem is probably caused by a saturation of the detector by afterpulses. At higher temperature (123 K) it is even more profitable to use the InGaAs/InP APD, as shown on Fig. 5 . Indeed dark count probability is more than one order of magnitude higher for Ge APD. At high quantum efficiency, InGaAs/InP dark count rate stabilizes and even decreases slightly. This phenomenon is reproducible, but not readily understood. This stabilization could make it interesting for some applications to use the APD with high efficiency. InGaAs/InP APD's offer a possibility to improve the signal-to-noise ratio of single photon detection experiments. However, their performance is impaired by afterpulsing effects, especially important at low temperatures. This fact is not really surprising as the complex structure of separate absorption multiplication APD's is likely to increase the density of charge trapping defects. This may lead to overestimating the number of detected photons and dark counts. In addition, afterpulses are likely to be the reason why the InGaAs/InP APD's don't work well with passive quenching. This constitutes a major drawback with respect to Ge APD's.
Detection of 1.3 µ µ µ µm-photons
In Fig. 6 , the quantum detection efficiency of the InGaAs/InP APD is shown as a function of the temperature for different values of the probability of dark counts for 1.3 µm-photons. As the temperature increases, the quantum efficiency at constant noise level decreases. Indeed, the dark count rate depends on the temperature and the gate voltage. As the temperature increases, the tension necessary to produce a given noise level becomes smaller, decreasing thus the effective quantum detection efficiency. However this trend is not monotonous. A minimum for the efficiency is reached around 150 K. This phenomenon is not well understood. The curves corresponding to high dark count rates (5 × 10 -4 and 10 -3 ) have fewer points, because these noise levels cannot be reached at low temperatures. When choosing the operating conditions of the APD for a given application, one should pay particular attention to the temperature. On the one side if the main consideration is the dark count rate, a low temperature should be selected. However in these conditions the maximum gate frequency is limited by afterpulses. On the other hand if the application requires fast triggering, one would do better to opt for a higher operation temperature. Besides, the practical design of the cooling system should also be considered. Replacing liquid nitrogen by a thermoelectric cooler for example would make the device more convenient and open up the door to a large scale industrial application. If we want to compare our results with those Lacaita et al. 7 , it is necessary to introduce the noise equivalent power (NEP) given by:
where h is Planck's constant, ν the frequency of the impinging photons, η the detection efficiency and R the dark count rate. The values given in this section are basically in agreement with theirs, although we achieve a slightly lower noise equivalent power (NEP). Indeed, at 77 K and for 1.3 µm-photons, the best NEP of our APD is 6 × 10 -17 W/Hz 1/2 , whereas they presented an optimum value of 2.7 × 10 -16 W/Hz 1/2 .
Detection of 1.55 µ µ µ µm-photons
The quantum efficiency as a function of the temperature for various dark count probabilities is shown in Fig. 7 for 1 .55 µm-photons detection. The curves show a maximum around 180 K. Two effects cooperate to produce this behavior. As the temperature raises a shift of the cut-off wavelength induces an increase of the quantum detection efficiency, responsible for the raising edge of the curves. Simultaneously, the dark count rate also increases, consequently lowering the bias voltage, and then the efficiency, needed to reach a given dark count probability. At temperatures where the cut-off wavelength lies well above 1.55 µm, the quantum detection efficiency at a given gate tension is approximately half that at 1.3 µm. In this case, the selection of the operating temperature is easier, because the detector cannot really be used below 160 K, and the optimum value corresponds to the maximum (180 K). As their bandgap is larger, Ge APD's would require a higher operation temperature than InGaAs/InP APD's to achieve similar efficiency for 1.55 µm-photons. As it would imply larger thermal noise, it is likely that the signal to noise ratio offered by these photodiodes would then be too small for most applications. In conclusion, InGaAs/InP APD's are the only actual candidate for photon counting in the third telecom window.
Timing resolution
In Fig. 8 , the width of the response of the InGaAs/InP detector is presented as a function of the gate voltage. These data were obtained using a time-to-amplitude converter (TAC) and a multichannel analyzer. Histograms of the time intervals between the emission of the laser pulse and the detection of a count were recorded. An inset is provided to compare the response width and the detection efficiency. One sees that raising the gate voltage lowers the width of the resulting histogram. This measurement is however difficult, because the shape of the peak depends strongly on the arrival time of the photons within the gate pulse. This effect is especially significant for low bias voltages. As the gate pulse is not perfectly flat and has ripples of the order of 0.1 V, the effective bias voltage varies slightly during the gate-on time. Because the efficiency and the dark count rate increase quickly when the bias tension is close to the breakdown, these variations can have a substantial effect. This critical timing can explain the fact that, in Fig. 8 , two points in the low voltage region fall quite far from the linear fit.
As the duration of the laser pulse is too close to the response width, it is impossible to deduce from these results a precise value for the timing resolution of the InGaAs/InP detector. The values of the response width constitute however an upper boundary for this quantity. It is then legitimate to claim that a timing resolution below 180 picoseconds was achieved. Although not systematically measured, the response width at 77 K was of the same order of magnitude. These results are slightly better than those of Lacaita et al. 7 , who demonstrated a timing resolution of 200 picoseconds. Making use of this property through sub-nanosecond timing, the noise of the detector can be further decreased. We were thus able to divide the dark count rate by approximately three at constant quantum efficiency for high gate voltages (> 5 V above breakdown) with the help of the TAC and a window discriminator. Such an improvement could, however, not be obtained for lower voltages. The explanation lies in the smaller resolution of the detector and the fact that timing adjustment is more difficult and critical.
Conclusion
Germanium and InGaAs/InP avalanche photodiodes have been compared. The InGaAs/InP APD's produce fewer dark counts. As a result they can be operated with higher quantum efficiencies than Ge APD's for equivalent noise. Their performance are however impaired by stronger afterpulsing effects and they require active quenching or gated mode operation. The performance of InGaAs/InP APD's for 1.3 µm-single photon detection have then been investigated at different temperatures. When the temperature was increased, the thermal contribution to dark counts increased. However, as the lifetime of trapped carriers, and thus the afterpulse probability, decreased, the overall effect may, for certain applications, be beneficial. At 173 K for example, for a dark count probability of 10 -4 , the quantum efficiency is 16 % and the system could be triggered at a frequency of 5 MHz with a 0.1 % afterpulse probability. Moreover, a timing resolution of a less than 200 picoseconds was demonstrated. At 77 K, for an identical dark count probability the efficiency is slightly above 50 %, but the maximum trigger frequency for an afterpulse probability of 0.1 % is then a thousand times smaller (5 kHz). For 1.55 µm-photon counting, it has been shown that the optimal temperature for InGaAs/InP APD's operation lies around 180 K. At 173 K, for a dark count probability of 10 -4 , the quantum efficiency is 7 %. Moreover, at this wavelength, in similar conditions, the quantum efficiency is approximately 50 % lower than for 1.3-µm photons. The results which were presented in this article are typical of the performance of commercial Fujitsu InGaAs/InP APD's, and can be readily reproduced. With the emergence of new applications, one can however hope for the development of optimized InGaAs/InP APD's for single photon detection, with performance surpassing the figures described in this article. 
